1950s (4), the MEPDG is based upon mechanistic-empirical design principles that directly predict pavement structural distresses and roughness over the pavement's life.
Another distinctive feature of the MEPDG is that it uses an explicit hierarchical approach for specifying the design inputs. This hierarchical approach gives the designer flexibility in selecting design inputs on the bases of relative importance, size, cost, and available resources of the project. Design inputs can be specified at one of three levels: Level 1 for the highest accuracy, with direct measurement of inputs through laboratory or field tests; Level 2 for intermediate accuracy, with estimation of inputs through correlations with index and other properties; and Level 3 for the lowest accuracy, with inputs set at typical default values. The models and procedures for prediction of pavement performance are the same for all input levels.
Unsurprisingly, the increased analysis and design sophistication of the MEPDG requires substantially more design inputs than did the older AASHTO design guides. The primary stiffness and strength inputs for portland cement concrete (PCC) in jointed plain concrete pavement (JPCP) systems are the modulus of elasticity (E c ) and the modulus of rupture (MOR). Level 1 of the MEPDG requires direct measurements of these PCC properties at various ages to predict stiffness and strength gains over time. The required stiffness and strength values at Level 2 are estimated from unconfined compressive strength ( f ′ c ) results at various ages and at Level 3 from a single-point measurement of the concrete MOR or compressive strength and optionally the corresponding E c at 28 days. With these inputs, the MEPDG estimates stiffness and strength gains over time, critical elements in analysis of incremental damage and modeling of performance prediction.
Although numerous sensitivity analyses have been conducted to relate MEPDG JPCP performance predictions to variations in input parameter values (5) (6) (7) (8) (9) , few if any have evaluated the effect of the different levels for PCC stiffness and strength design inputs on JPCP performance predictions. The present study was conducted to fill that gap. The primary objective of this study is to answer the fundamental question, "Do all the MEPDG alternatives for PCC stiffness and strength design inputs yield comparable predictions of JPCP performance?" If the answer to that question is no, then there is a clear follow-up question: "When Level 1 design inputs are not available, which other PCC stiffness and strength design inputs provide the most comparable and reliable JPCP performance predictions?" These questions are addressed in this paper by (a) reviewing the MEPDG input characterization procedure for the PCC materials, (b) comparing predicted faulting, transverse cracking, and international roughness The hierarchical approach for specifying design inputs is a key feature of the new Mechanistic-Empirical Pavement Design Guide (MEPDG). The three levels of design input for the strength and stiffness characterization of portland cement concrete (PCC) range from a Level 1 laboratory measurement of modulus of elasticity and modulus of rupture at 7, 14, 28, and 90 days to a Level 3 estimation of the 28-day unconfined compressive strength. This paper evaluates the effect of design input level for PCC strength and stiffness properties on MEPDG performance predictions for jointed plain concrete pavements (JPCPs). The effects of the different PCC stiffness and strength design input levels on predicted faulting, transverse cracking, and international roughness index (IRI) are evaluated for eight PCC mixtures in several JPCP design scenarios. Faulting was found to be insensitive to the MEPDG PCC input level, transverse cracking was extremely sensitive, and IRI was only moderately sensitive. In particular, the results showed that the Level 3 input combination of a measured 28-day modulus of rupture and a measured 28-day modulus of elasticity yielded predicted distresses that were consistently in closest agreement with predictions that used Level 1 inputs. Reliable and accurate 28-day modulus of rupture and modulus of elasticity values can therefore be used as less-expensive and more-practical alternatives to full Level 1 stiffness and strength characterization in JPCP analysis and design. When full Level 1 characterization is performed, high-quality testing is mandatory for avoiding small anomalies in measured values that can cause physically unrealistic predictions by the MEPDG of stiffness and strength gains over time.
The interim edition of the Mechanistic-Empirical Pavement Design Guide (MEPDG) represents a paradigm shift for the analysis and performance prediction of new and rehabilitated pavement structures (1, 2) . In comparison with the previous empirical AASHTO design guides (3) derived largely from the AASHO Road Test in the late index (IRI) from the different PCC strength and stiffness design input levels for eight PCC mixes and multiple pavement sections, and (c) evaluating the influence of each PCC strength and stiffness input on JPCP performance predictions.
MEPDG INPUT CHARACTERIZATION FOR PCC MATERIALS
The stiffness and strength of new PCC used in new construction, reconstruction, and PCC overlays increase significantly over time because of its continuing hydration and aging. These relationships of stiffness and strength versus time are critical to the computed structural response and predicted performance of the pavement. The approaches followed by the MEPDG for characterizing this PCC stiffness and strength behavior at each design input level are as follows:
• Level 1. The required MEPDG inputs are the laboratorymeasured values of E c (ASTM C469) and MOR (AASHTO T97) at 7, 14, 28, and 90 days and the estimated ratio of 20-year to 28-day values. These measured E c and MOR values are used to calibrate the respective stiffness and strength gain relationships:
where modratio = ratio of measured E c at a given age to measured E c at 28 days, strratio = ratio of measured MOR at a given age to measured MOR at 28 days, age = age in years, α 1 , α 2 , α 3 = regression constants, and β 1 , β 2 , β 3 = regression constants.
• where ρ is the unit weight (lb/ft 3 ). The estimated values of E c and MOR are then used with Equations 1 and 2 to calibrate the respective relationship in stiffness and strength gain. The constants in the empirical Equations 3 and 4 represent average values across mixes, and the scatter of the data around these empirical mean trends is quite high (10).
• Level 3. The MEPDG provides four options for specifying Level For the first two options, the corresponding 28-day E c is estimated by using the empirical Equations 3 and 4; Equation 4 is also used to estimate the 28-day MOR in the second and fourth options. A default aging relationship is used to estimate E c and MOR at other times:
where ratio is the ratio of either E c or MOR at a given age to its respective 28-day value.
Supplementary procedures are required for characterizing the properties of existing PCC materials in rehabilitation designs. For existing PCC slabs, the E c and MOR values must be adjusted for the damage caused to the pavement by traffic loads and environmental effects, and the gains in E c and MOR over time are not considered. The characterization of existing PCC slabs is outside the scope of the present study.
Many other design inputs are required for PCC materials. These inputs include mix properties (unit weight, Poisson's ratio, cement type, cementitious material content, water-cement ratio, aggregate type, curing method), thermal properties (thermal conductivity, heat capacity, surface shortwave absorptivity, coefficient of thermal expansion, PCC zero-stress temperature), and shrinkage properties (ultimate shrinkage at 40% relative humidity, reversible shrinkage, time to develop 50% of ultimate shrinkage). These are not considered in this study, and the MEPDG Level 3 default inputs are used as appropriate.
PCC MIX PROPERTIES
PCC material characterization data were compiled for a total of eight mixtures. Data for the first five mixtures were taken from the Missouri Department of Transportation (DOT) local calibration study (11) , and the remaining three were obtained from a study of in-service JPCP sites reported by Ceylan et al. (12) . Table 1 provides a summary of the mix compositions. All mixes used conventional Type I cement.
The measured Level 1 stiffness and strength values for all eight mixes are summarized in Table 2 . The 3-day stiffness and strength shown in the table were measured but are not used in the MEPDG. are the motivation for these normalizations of E c and MOR; for a mixture exactly following the empirical relationships in Equations 3 and 4, all three curves should be coincident. Among the noteworthy observations from the trends in Figure 1 are the following:
• The f ′ c consistently exhibits the smoothest gains in time. Most of the mixes have 28-day f ′ c on the order of 5,000 psi, reasonable for paving concrete. The exceptions to this are Mixes 6 and 7, which exhibit significantly greater 28-day f ′ c values approaching 7,000 psi.
• Several of the time trends for normalized MOR and normalized E c exhibit local anomalies (e.g., Mixes 2, 4, 6, and 7). The anomalies in 28-day MOR, 28-day E c , or both in Mixes 4 and 6 are especially problematic because these values are key Level 3 inputs. In Mix 6, it is impossible to tell whether the 7-day MOR is disproportionately high or the 14-and 28-day values are disproportionately low. These anomalies are most likely attributable to the real-world vagaries of laboratory measurement and can only be addressed through meticulous The coefficient of thermal expansion (CTE) was also measured, in accordance with AASHTO TP-60, for all mixtures. The measured CTE values for Mixes 1 through 5 were lower than national averages and require further confirmation before use (11); consequently the Level 3 default values for CTE were used for these mixes. The average measured CTE values for Mixes 6 through 8 were, respectively, 6.25 × 10 
ANALYSIS SCENARIOS
The PCC material characterization data for Mixes 1 through 5 were compiled as part of a comprehensive MEPDG local calibration for the Missouri DOT (11) . Although these mixtures originated in specific projects (Table 1) , the traffic and pavement structural details for these projects are unknown. Consequently, Mixes 1 through 5 were analyzed for the baseline conditions of the sensitivity analysis conducted as part of the local calibration study. These baseline conditions consisted of a 10-in. (250-mm) JPCP slab on a 4-in. (100-mm) dense aggregate base over a silty sand gravel (AASHTO Class A-2-4) subgrade. The slabs had a 15-ft (4.8-m) transverse joint spacing with tied PCC shoulders. The two-way annual average daily truck traffic (AADTT) was 16,300, with a 50% directional distribution, a 95% lane distribution factor, a linear growth rate of 1.64%, and a vehicle distribution having 74% Class 9 trucks (Principal Arterials, Truck Traffic Classification 1). Construction was assumed to be completed in October, with its being opened to traffic in November and having a 20-year initial design life. The climate was based on conditions in Camden County in central Missouri. The ratios of 20-year to 28-day E c and MOR were both set at 1.2, consistent with recommendations by Wood (14) . All other inputs were taken as the Level 3 default values. The analysis scenarios for Mixes 6 through 8 were based on their respective actual projects ( Table 1) The ratios of 20-year to 28-day E c and MOR were set at 1.2 for all projects, consistent with recommendations by Wood (14) . All other inputs were taken as the Level 3 default values.
RESULTS OF PREDICTIONS
The public domain Version 1.100 of the MEPDG software was used in this study. The analyses focused on the predicted faulting, transverse cracking, and IRI results at the end of the project's design life. These are summarized in Figure 2 for the analyses that used the Level 1 PCC stiffness and strength inputs. Wide ranges of distresses were predicted for the various scenarios. Faulting ranged from extremely small values in the lightly trafficked Mixes 6 through 8 to values approaching the default design limit in the more heavily trafficked Mixes 1 through 5. Final IRI similarly ranged from quite small values in Mixes 6 through 8 to moderate-to-substantial values in Mixes 1 through 5. Slab cracking exhibited the widest variation, with more than 80% cracked slabs predicted for some mixes (Mix 1) and much smaller percentages predicted for others (Mixes 4 and 8). The 10-in.-thick slabs for Mixes 2 and 5 in particular produced zero cracking when their respective Level 1 inputs were used. Because zero slab cracking is not useful for comparison of the different input levels, these scenarios were reanalyzed with 9-and 8-in. JPCP thicknesses, respectively, being used; the slab cracking (but not faulting and IRI) results shown in Figure 2 are for these thinner slab assumptions.
One focus of this study was the effect of PCC stiffness and strength design input level on predicted JPCP distress. Consistent with anecdotal evidence in previous studies (15) , input level had an effect, and it was particularly large for slab cracking, as shown in Figure 3 . For example, predicted slab cracking for Mix 1 ranged from 5% when the Level 3 input of 28-day f ′ c was used to 81% when the full Level 1 characterization was used. Predicted cracking for Mix 7 increased from 0 to 6% for Level 2 versus Level 1 inputs, while predicted cracking for Mix 2 decreased from 46% to 4% for Level 2 versus Level 1. A fundamental explanation is clearly required for these large and inconsistent discrepancies in predicted cracking at different design input levels for design input levels for material properties.
DISCUSSION OF RESULTS
To help in understanding of the influence of PCC stiffness and strength input level on predicted performance, the predicted faulting, slab cracking, and IRI at the various input levels for each mix were normalized by the respective distress values predicted through the use of the Level 1 inputs for each case. In other words, the predictions using Level 1 inputs were the benchmarks against which all other predictions were compared. The real gold standard, of course, was actual field performance. However, well-characterized sites having highquality Level 1 material characterization and consistent performance monitoring over 10 or 20 years simply do not exist.
The predicted distresses after normalization by their respective Level 1 results are summarized in Figure 4 . Several important observations can be drawn from this figure:
• Predicted faulting was essentially independent of the input level for PCC stiffness and strength. This finding is sensible: the faulting distress model is primarily a function of the base erodibility, subgrade deformation and other subgrade properties, climate variables, and slab corner deflection caused by temperature curling and moisture warping. Only the last factor depends on PCC stiffness, and none of the factors depend on PCC strength. (Normalized faulting for Mixes 6 through 8 is omitted from Figure 4 . The magnitudes of predicted faulting were too small for adequate calculation precision.)
• Slab cracking was extremely sensitive to the PCC stiffness and strength input level. This finding is conceptually sensible: the applied slab stresses induced by load and temperature gradients are directly related to E c , and the slab resistance to these stresses is directly related to MOR. As noted earlier, the different Level 2 and 3 approaches apply different combinations of empirical relationships to determine E c and MOR over time. These empirical relationships are highly approximate (10) , and individual mixes may differ substantially from the mean trends. As indicated by the normalized measured property data shown in Figure 1 , most of the mixes in this study do not conform very closely to these empirical relationships.
• IRI demonstrated intermediate sensitivity to PCC stiffness and strength input level. Again, this result is conceptually sensible. Predicted IRI is a function of predicted faulting (not sensitive to PCC stiffness and strength input level) and slab cracking (extremely sensitive to input level) in addition to estimated spalling, and site climate and subgrade conditions.
Close examination of the slab cracking results in Figure 4 suggests that the Level 3 option of measured 28-day MOR and E c tends to agree best with the Level 1 results (i.e., these normalized values have the least dispersion around 1). The two largest outliers to this trend are Mix 6 (normalized slab cracking distress ratio = 17) and Mix 5 (distress ratio = 3). As noted earlier, these two mixes had some anomalies in their measured strength and stiffness values: Mix 6 had anomalously low MOR values, especially at 28 days, while Mix 5 had disproportionately high MOR values. Additional evidence of the atypical predicted behavior of these two mixes appears in Figure 5 , which shows the MEPDG-forecast MOR and E c gains over time based on the Level 1 inputs, that is, the calibrated regression Equations 1 and 2. Figure 5a clearly shows that the anomalies in the measured Level 1 input values for Mixes 5 and 6 result in a decrease in predicted MOR with time after a peak value is reached at Year 1 or 2. Figure 5b shows a similar decrease in predicted E c after about 3 years for Mix 8. As Figure 4 shows, Mix 8 (distress ratio = 0.4) is the next largest outlier for normalized slab cracking after Mixes 5 and 6. The clear conclusion is that small anomalies in any of the measured Level 1 stiffness and strength values can result in irrational estimates of strength and stiffness gains with time and, inevitably, errors in predictions of pavement performance. Figure 6 summarizes the ranges and averages for the normalized slab-cracking predictions for all input levels after the two largest outliers (Mixes 5 and 6) are censored. It is clear that the Level 3 inputs of measured 28-day MOR and E c agree best with the Level 1 results in having the smallest range and a mean value closest to 1. This information suggests that, as a practical matter, these Level 3 PCC design inputs can be used by the pavement designer as a generally satisfactory alternative to full and careful Level 1 characterization. At the other extreme, predictions using Level 2 inputs or the Level 3 options of 28-day f ′ c or 28-day f ′ c plus 28-day E c were clearly the worst in the range in discrepancies in their predicted slab cracking versus predictions when Level 1 inputs were used. This result suggests that characterization of PCC stiffness and strength in relation to f ′ c and conversion to the required E c and MOR values by means of the empirical Equations 3 and 4 are not the best approach for JPCP design.
To emphasize the importance of testing quality for PCC stiffness and strength inputs, a one-at-a-time sensitivity analysis was performed to explore the relative importance of the various Level 1 strength and stiffness inputs. Previous sensitivity studies have explored only the 28-day stiffness and strength inputs (5, 6, 8, 15) . In the present study, baseline 7-, 14-, 28-, 90-day E c and MOR data were generated by using average 28-day E c and MOR values, a typical value of 1.2 for the ratios of 20-year to 28-day stiffness and strength, and the Level 3 aging relationship in Equation 5 . Small perturbations were then applied to the baseline value at each age in turn to generate simulated Level 1 input value sets for MEPDG analysis. The sensitivity of predicted output distress Y j to a change in each Level 1 input 
CONCLUSIONS AND RECOMMENDATIONS
This study evaluated the effect of PCC design input levels for stiffness and strength on predicted JPCP performance. Faulting, transverse slab cracking, and IRI predictions were compared for Level 1 versus Level 2 versus Level 3 (four options) design inputs for eight PCC mixes and several JPCP design scenarios. The different Level 2 and Level 3 approaches for characterizing PCC stiffness and strength applied different combinations of empirical relationships to determine E c and MOR over time. These empirical relationships were highly approximate at best, and individual mixes did not necessarily conform closely to these relationships.
The conclusions from these analyses of most interest to agencies and design engineers can be summarized by answering the two fundamental questions raised at the beginning:
• "Do all the MEPDG alternatives for PCC stiffness and strength design inputs yield comparable predictions of JPCP performance?" For faulting and to a lesser extent for IRI, the answer to this question is yes. Predictions of transverse slab cracking, in contrast, can vary wildly using Level 1 versus Level 2 versus the four options for Level 3 stiffness and strength inputs.
• "When Level 1 design inputs are not available, which other PCC stiffness and strength design inputs provide the most comparable and reliable JPCP performance predictions?" Predictions based on the Level 3 inputs of measured 28-day MOR and measured 28-day E c agreed best with the predictions when Level 1 inputs were used. This finding implies that the aging behavior of most mixes reasonably matches the Level 3 default aging built into the MEPDG; this result merits further investigation. From the results of this study, it can be concluded that Level 2 and Level 3 inputs that are based on f ′ c and Level 3 inputs that use empirical estimates of 28-day E c should be avoided. Regardless of whether full Level 1 or the 28-day E c and MOR values are used, high-quality testing is required to avoid implausible estimates of PCC stiffness and strength gains over time. Such estimates can cause large errors in predicted JPCP distresses.
These conclusions are, as usual, constrained by the finite number of PCC mixes and JPCP design scenarios evaluated. They nonetheless can provide valuable practical guidance to PCC materials engineers and JPCP pavement designers.
